Block copolymers constitute one of the most extensively studied classes of macromolecules due to their distinctive ability to self-assemble into a variety of soft morphologies that can be highly ordered. 1 Such nanostructured materials are of considerable (1) fundamental interest as models to elucidate the molecular-level mechanism responsible for selfassembly and (2) commercial interest as, for instance, nanoscale templates, 2 solar cells, 3 and optical waveguides 4 in developing nanotechnologies. 5, 6 Another inherent attribute of AB block copolymers is that they can modify the interface between two immiscible homopolymers (hA and hB) by reducing the hA/hB interfacial tension. In this fashion, they are commonly used to emulsify incompatible blends and reduce the corresponding size scale of phase separation. 7 In high-shear processes aimed at mixing a block copolymer with two dissimilar homopolymers, these two abilities-selfassembly and interfacial modification-are competitive, in which case only a fraction of available copolymer molecules diffuses to and modifies the interface that develops between the two phase-separating homopolymers. 8 The remaining copolymer molecules tend to self-assemble into micelles or similar structures as far as the local copolymer population is sufficiently abundant.
Block copolymers can likewise be used to modify the interface between two thin polymer films comprising a bilayered nanolaminate on a flat solid support. Specifically, the constituent homopolymers are selected so that (1) their glass transition temperatures are sufficiently low to permit access to melt conditions at moderate temperatures to avoid chain degradation, and (2) the melt viscosity of the bottom layer is much larger (by several orders of magnitude) than that of the top layer so that the bottom layer behaves solid-like relative to the top layer. 9 Destabilization of the top layer occurs by dewetting, 10, 11 which proceeds by either enlargement (and eventual impingement) of discrete holes (i.e., the nucleation and growth mechanism) or a propagating capillary-wave instability (i.e., the spinodal dewetting mechanism). 12 Only the former is considered further in the present study. The hole diameter (D) in the absence of interfacial slip is known to vary linearly with time (t), in which case the hole growth (dewetting) rate (dD/dt) is a constant that depends on the ratio of the dewetting force to the friction caused by viscous dissipation. 13 We have previously used the magnitude of dD/ dt as a macroscopic probe and relative measure of interfacial stability, 14 as it can be controllably altered by varying parameters such as the thickness or molecular weight of the top layer. In addition, the dewetting rate can be systematically reduced, and the nanolaminate stabilized, through the incorporation of a compositionally symmetric diblock copolymer to the top layer. 15 In a recent study, 16 we have reported that the analogous use of a compositionally asymmetric diblock copolymer can have the opposite effect: destabilization of the top layer, as evidenced by an increased dewetting rate (cf. Fig. 1(a) ). Detailed experimental and theoretical analysis 16 of the system reveals that this copolymer self-organizes into micelles or dynamically evolving micelle-like aggregates (hereafter generalized as micelles, although we recognize that the system under consideration is far from equilibrium) before copolymer molecules can diffuse to, and thus stabilize, the polymer/polymer interface. The objective of the present work is to identify the conditions and physical mechanisms under which competitive self-assembly is largely eliminated in favor of interfacial modification so that even a composition-asymmetric copolymer (such as the one used in Fig. 1(a) ) can be used to promote nanolaminate stabilization. For this purpose, we explore the stability of trilayered nanolaminates, wherein the copolymer is strategically restricted to an interlayer at the polymer/polymer interface.
Polystyrene (PS) with number-average molecular weight poly(styrene-b-methyl methacrylate) (SM) diblock copolymers differing in molecular asymmetry-S10M50 and S50M10, where the numerical designations denote the block weights (in kDa)-were purchased from Polymer Source, Inc. These materials, as well as solvent-grade toluene from Sigma-Aldrich, were used as-received. Bilayered nanolaminates with a PS top layer (pure or containing a block copolymer) and a PMMA substrate (pure or containing a block copolymer) were fabricated and analyzed according to the protocols described elsewhere. 16 We also examined trilayered PS/PMMA nanolaminates with a thin SM layer positioned between the homopolymer layers. In each case examined, a PMMA thin film was spin-coated from toluene onto silicon wafer and then annealed in the melt to anchor a fraction of the chains to the silicon wafer covered with a thin (%1.5 nm thickness) native oxide. The resultant film, measuring 54 nm thick according to ellipsometry, was then rinsed in toluene to remove unbound chains. After drying, the film measured 51 nm in thickness. In the specific case of the trilayer design, one of the two copolymers was spin-coated directly onto the immobilized PMMA substrate. The thickness of matched films spin-coated onto silicon wafer ranged from 2.1 to 10.0 nm, as revealed by ellipsometry. A PS thin film with or without 0.25 wt. % copolymer and 60 6 2 nm thick was spin-coated onto a glass slide, floated off on deionized water, and deposited on top of the PMMA substrate (bilayer) or a copolymer intermediate film (trilayer). Nanolaminates were dried for 24 h at ambient temperature and then heated to 180 C under nitrogen. Dewetting of the PS layer was monitored in reflection mode with an Olympus BX60 optical microscope equipped with a Mettler heating stage and a computer-interfaced charge-coupled device (CCD) camera.
The results presented in Fig. 1 (a) demonstrate that incorporation of the SM copolymers into the top PS50 layer, followed by heat treatment, promotes dewetting rates that can be vastly altered by the composition of the added copolymer. Both copolymers are expected to undergo selfassembly and modify the PS/PMMA interface, but to different extents. The S50M10 molecules are more compatible with the PS50 matrix and are, therefore, more likely to stay dissolved so that they can diffuse to the interface and stabilize the top layer, as confirmed by a systematic reduction in dD/dt. In contrast, the S10M50 molecules self-assemble upon initial film formation (prior to dewetting), in which case copolymer micelles diffuse to and fuse along the PS/ PMMA interface (cf. the illustration in Fig. 1(a) ). 16 Since micelles drain the copolymer reservoir, fewer S10M50 molecules are available to modify the interface. Moreover, the diffusivity of the micelles is expected to be considerably smaller than that of free chains (which results in slower interfacial modification), and the micelles must break and merge with the interface. This latter step not only slows interfacial modification further, but also introduces another factor to be considered: spatiotemporal interfacial roughening. An increase in interfacial area caused by fusing micelles, experimentally verified by atomic force microscopy of the polymer/polymer interface after selective removal of the PS layer 16 and transmission electron microscopy/tomography of both layers, 17 increases the incompatibility between the top and bottom layers and hastens destabilization, which explains the copolymer-induced increase in dD/dt in Fig. 1(a) .
If the copolymers are added to the PMMA substrate instead of the PS50 top layer, the dewetting rates appear very different (cf. Fig. 1(b) ). Although the same competitive molecular-level processes are anticipated to occur, as depicted in the inset of Fig. 1(b) , addition of either copolymer serves to stabilize the top layer, with the S50M10 copolymer again being the most effective. While factors such as molecular friction and thermodynamic incompatibility affect the rate at which copolymer molecules diffuse to the interface, we propose the following mechanism as another consideration. The S50M10 molecules are the most incompatible with the PMMA matrix and most likely self-assemble into micelles that diffuse to and fuse along the interface. In this case, however, interfacial roughness increases along the PMMA side of the interface, which does not strongly affect the PS50 side. Following micelle fusion, long S blocks protrude from the interface and induce stabilization of the PS50 layer, but to a less pronounced extent than in Fig. 1(a) due to the longer time scales associated with the diffusion and interfacial fusion of copolymer micelles. The S10M50 molecules are likely to stay dissolved in the PMMA matrix and diffuse to the interface as free chains. There, short S blocks along a relatively flat interface help to promote stabilization, but they are less effective than the long S blocks of the S50M10 molecules. Thus, the differences in stabilization that arise due to initial placement of the copolymer molecules are (Color online) Dewetting rates measured for bilayered PS/PMMA nanolaminates alone (n) and containing the S10M50 *) and S50M10 (*) copolymers added to the top PS50 (a) or bottom PMMA (b) layers during fabrication. The dashed line identifies dewetting in the absence of copolymer and delineates stabilization from destabilization, and the error bars denote the standard error. The schematic diagrams depict the behavior of S10M50 molecules as they self-assemble into micelles and likewise modify the polymer/polymer interface.
consequences of increased interfacial roughness (due to micelle fusion) on the PS50 side of the interface and the length of the S block.
The driving force responsible for the self-assembly of block copolymer molecules in a solvent or homopolymer matrix can be generally expressed relative to the critical micelle concentration (cmc), which identifies the lowest copolymer concentration at which the molecules assemble into micelles in a bulk medium under conditions of equilibrium. Although the present nanolaminates, composed of two molecularly thin films, develop under the conditions of nanoscale confinement and the systems thermodynamically evolve as they become unstable and dewet, estimation of the cmc values (designated U cmc ) of the copolymers in both parent homopolymers provides insight into the inclination of the copolymers to self-assemble, rather than diffuse to and stabilize the polymer/polymer interface. Several theoretical frameworks have been proposed for calculating the cmc of diblock copolymers in bulk homopolymer matrices, and we have elected to compare results from three seminal formalisms. The first two expressions, reported for micelles with dry corona brushes by Leibler 18 (Eq. (1)) and Hu et al.
19
(Eq. (2)), appear very similar and only differ slightly in functionality, whereas the third one is proposed by Whitmore and Noolandi 20 (Eq. (3)), 
Here, N and N core represent the number of repeat units in the copolymer and the block forming the micelle core, respectively, and v is the Flory-Huggins interaction parameter, which is evaluated at 180 C as 3.66 Â 10 À2 from 0.028 þ 3.9/T (where T denotes absolute temperature). 21 The additional terms in Eq. (3) (f core and f corona ) arise from stretching the core-and corona-forming blocks of the copolymer upon micellization and are written as
The corona expansion parameter (a corona ) in Eq. (4b) can be approximated as unity when the corona-forming block is relatively short (in the dry brush limit). We adopt this condition in our calculations for direct comparison with Eqs. (1) and (2) . Predicted values of U cmc are listed in Table I for both copolymers in both homopolymers, and while differing in numerical value and/or magnitude, they generally support our earlier expectations based on relative block sizes. It is interesting to note, however, that the values of U cmc differ (by a factor of $2) when the core-and corona-forming blocks and the homopolymer matrices are switched: U cmc for S10M50 in PS is consistently lower than that for S50M10 in PMMA. This result suggests that the driving force for copolymer micellization is less for S50M10 in PMMA than it is for S10M50 in PS. In this case, it immediately follows from thermodynamic considerations alone that both copolymers should be more effective as interfacial stabilizing agents if they are incorporated (at the same concentration) into the PMMA substrate rather than the PS top layer. Additional predictions of U cmc computed from the self-consistent field theory of Duque 22 for the S10M50 copolymer in PS reveal a slight dependence on the molecular weight of the PS matrix: 3.50 Â 10 À6 in PS30 and 5.00 Â 10 À6 in PS50. These values agree most favorably with that of Eq. (3) in Table I . Corresponding U cmc values of the S50M10 copolymer in either PS could not be calculated, as is also the case for Eq. (3).
To confirm that the sequence of molecular-level events described earlier is responsible for the unexpected variation in dewetting behavior observed in Fig. 1 and elsewhere, 16 we completely eliminate the competition between selfassembly and interfacial modification by forcing all the copolymer molecules to reside along the PS/PMMA interface. This is readily achieved by inserting a layer composed of pure copolymer between the homopolymer layers, as illustrated schematically in Fig. 2 to form a trilayer, and subsequently subjecting the nanolaminate to heat treatment as above and monitoring the resultant dewetting kinetics. Positioning the copolymer molecules between the homopolymer layers also permits quantitation of chain (more specifically, S-block) packing along the interface. The graft density of copolymer molecules (r) located at the interface is given by r ¼ N Av d SM q= M n , where N Av is Avogadro's number, d SM is the thickness of the copolymer layer (cf. Fig. 2) , q is the density of the copolymer (approximated as 1 g/cm 3 ), and M n ¼ 60 kDa. Note that both copolymers likewise possess a comparable number of repeat units. Packing of the S blocks along the interface (R) is given by R % prR 2 g;S , where R g,S represents the gyration radius of the S block, written as
, and b is the Kuhn length of PS (0.7 nm). If R ( 1, then the S blocks form discrete mushroom-shaped nanostructures anchored along the interface. When R > 1, the blocks form a brush and are stretched normal to the interface. The mushroom-to-brush transition occurs at R % 1.
Dewetting rates measured for trilayered nanolaminates with a discrete copolymer interlayer are displayed in Figs. 3(a) and 3(b) for systems containing the S10M50 and S50M10 copolymers, respectively. In Fig. 3(a) , incorporation of a very thin S10M50 interlayer is seen to promote destabilization, which is slightly exacerbated by the addition of copolymer into the PS30 top layer during fabrication. When the interlayer becomes sufficiently thick, however, the copolymer stabilizes the nanolaminate, thereby confirming that the copolymer is capable of reducing dD/dt when it completely resides at the interface. An interesting and significant feature of Fig. 3(a) is that the interlayer thickness at which the dewetting rate of the copolymer-free PS/PMMA nanolaminate matches that of the nanolaminate with a S10M50 copolymer interlayer corresponds to R % 1, which identifies the condition signaling the onset of a brush of S blocks along the PS/PMMA interface. That is to say, when the copolymer interlayer is less than % 4.5 nm, the short S blocks of the copolymer form isolated mushroom-like protrusions along the relatively flat interface that are ineffective at stabilizing the top layer. In progressively thicker copolymer interlayers, the S blocks form a brush that densifies and begins to shield the top PS30 layer from the bottom PMMA layer, which results in enhanced stabilization of the PS30 layer. In Fig. 3(b) , the S50M10 copolymer interlayer effectively stabilizes the PS/PMMA nanolaminate by reducing dD/dt by over two orders of magnitude irrespective of interlayer thickness. Incorporation of copolymer into the PS30 top layer results in marginal, but consistent, improvement. It is important to recognize that R > 1 for all S50M10 interlayer thicknesses investigated, which implies that the S blocks in this series always form a brush along the PS/PMMA interface. These results together demonstrate that physical factors governing in-plane interfacial structuring (e.g., micelle fusion, interfacial roughening, and brush formation) are critically important for macromolecular surfactants such as block copolymers to stabilize nanolaminates, as well as possibly incompatible polymer blends in the bulk. Fig. 2 ) for the S10M50 (a) and S50M10 (b) copolymers. Results are included for systems in which the PS30 top layer is pure (*) or contains 0.25 wt. % copolymer (*). Error bars denote the standard error, and the dashed line in (a) identifies the PS30 dewetting rate with no copolymer. Dotted lines pinpoint the interlayer thickness and PS30 dewetting rate corresponding to the formation of a brush of S blocks along the PS/PMMA interface at R ¼ 1.
